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ABSTRACT 
 
A fraction of South Moravian lignite mined in Mír Mikulčice, Lignit Ltd. was modified by 
two oxidizers (HNO3, H2O2) and two “amphiphilic-like” agents (acetic and citric acids, 
respectively). Alkali extraction was used to obtain both humic acids from non-treated lignite 
and so-called regenerated humic acids. Several methods were used for characterization of 
obtained samples. Based on the results of elemental analysis, the C/O and C/H ratios were 
calculated and completed by FTIR measurement; that provided the information on 
aromaticity/aliphaticity of the samples and degree of carbon oxidation. To assess 
the distribution of molecular dimensions of humic aggregates the High Performance Size 
Exclusion Chromatography was used. To elucidate the mechanisms of processes occurring in 
the surface layer of water solutions the surface tension measurement was carried out. 
Obtained data were fitted with Szyszkowski equation to get parameters characterizing 
the surfactant efficiency of humic acids and indicating the nature of humic molecules 
responsible for their surface activity. Finally, the Pearson correlation was used to search 
the interrelationships among results obtained by the above-mentioned techniques.  
 
 
ABSTRAKT 
 
Jihomoravský lignit pocházející z dolu Mír v Mikulčicích, Lignit s. r. o. byl přesítován 
a vybraná frakce byla modifikována tzv. mokrou cestou pomocí dvou oxidačních (HNO3, 
H2O2) a dvou „amfifilních“ (kyselina octová, kyselina citronová) činidel. Alkalickou extrakcí 
byly získány jak huminové kyseliny z neupraveného, tak předupraveného lignitu 
(tzv. regenerované huminové kyseliny). Na základě výsledku elementární analýzy byly 
vypočítány C/O a C/H poměry, které společně s FTIR spektry podaly informaci o stupni 
alifaticity/aromaticity a dále o stupni oxidace organického uhlíku. Pomocí vysokoúčinné 
vylučovací chromatografie byla stanovena distribuce velikosti huminových agregátů. 
K objasnění procesů probíhajících v povrchové vrstvě bylo proměřeno povrchové napětí 
studovaných vzorků roztoků. Získaná data byla proložena Szyszkowského rovnicí a obdržené 
parametry poukázaly jak na povrchovou aktivitu jednotlivých huminových kyselin, tak i 
na povahu molekul zodpovědných za snižování povrchového napětí. Pro vzájemnou korelaci 
dat získaných výše zmíněnými metodami byl použit Pearsonův korelační koeficient. 
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1 INTRODUCTION 
Soil is a complex matrix permanently interacting with other environmental compartments 
such as waters and air and thus its pollution can directly propagate contamination to surface 
and ground waters, and air. Soil pollution may be due to industrial accidents (spills, leaks, and 
leaking underground storage tanks) and anthropogenic activities (forest and agricultural fires, 
fossil fuel combustions), and represents a long-term source of environmental contamination. 
Weak interactions bind soil constituents to contaminants which, once displaced from the weak 
bonds, may be again released in the environmental compartments and affect the human 
food-chain.  
The soil remediation technologies emphasize the transformation and detoxification of 
pollutants. For example, bioremediation enables permanent elimination of pollutants by in situ 
remediation at low cost. However, bioremediation is limited by the correct selection of active 
microbes, the appropriate soil conditions for microbial activity, recalcitrance of pollutants to 
biodegradation, and formation of metabolites which may be even more toxic than the parent 
contaminant.  
Humic substances, naturally occurring surfactants, are recognized as a possible aid in soil 
bioremediation techniques. The bioavailability of polychlorinated biphenyls (PCB) and 
polycyclic aromatic hydrocarbons (PAH) appeared to be increased by addition of oxygenous 
humic substances to contaminated soils. [1] Nowadays, the main sources of humic substances 
represent lignite and peat, both in the past used mainly as a not very effective fuel in power 
plants. Lignite represents the youngest type of coal with the age belonging between peat and 
brown coal. From the physical chemistry point of view, lignite can be described as a solid 
colloidal system with a different surface morphology. Chemical composition of lignite is very 
heterogeneous – except humic substances plant residues, bitumens, mineral inclusion and 
mainly high content of water can be identified in the structure. Thus the most attractive way 
of non-energetic exploitation of lignites is their use as a source of humic substances. [2]
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2 STATE OF THE ART 
2.1 Lignite 
Lignite represents the youngest type of coal. It belongs to caustobiolites and is usually defined 
as yellow to dark brown or rarely black coal that is formed from peat in shallow depths and at 
temperatures lower than 100 °C. It is the first product of coalification and it is intermediate 
between peat and subbituminous coal according to the coal classification used in the United 
States and Canada. Frequently lignite is considered to be a brown coal. The elemental analysis 
of particular products of the process of coalification is demonstrated in Table 1. The fact that 
lignite is a relatively young caustobiolite is reflected by its outstanding qualitative properties, 
e.g. by its high sorption ability and relatively high content of humic acids.  
Table 1 Elemental analysis of solid fuels line up according to increasing degree 
of coalification. 
 C [%] H [%] O [%] N [%] 
Wood 50.0 6.0 43.8 0.2 
Peat 57.0 6.0 35.0 2.0 
Lignite 65.5 5.5 28.0 1.0 
Brown coal 73.0 6.0 19.8 1.2 
Black coal (gaseous) 85.8 5.5 7.0 1.7 
Anthracite 94.0 2.4 1.9 1.2 
 
Lignite is almost solely used as a low quality fuel. But it can be used outside the electrical 
power production industry also in its native state. In this case specific surface properties 
of lignite particles are exploited. Various ecological technologies may serve as examples of 
the most important non-fuel applications of lignite, e.g. natural lignite is a potential 
cost-effective defluoridation agent that could be used also for the in situ remediation of 
fluoride-contaminated soils. Lignite thus could undoubtedly serve as a material for treating or 
preventing ecological accidents.  
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2.1.1 Lignite as a material system 
Lignite can be defined as a transition organic-mineral substrate in the process of conversion of 
the phytomass into the high degree of dehydrogenated/dehydrated and deoxidized coal. It is 
morphologically and molecularly polydisperse system which consists of: 
- complex of cyclano/aromatic compounds with important functional groups, 
- big volume of water incorporated partly in the free space of lignite particles 
(e.g. poruses, microcracks, original interstitium of the plexus of original material), partly 
physically bonded on the oxidized carbon structures, 
- special mineral structures based on the compounds of silicon, aluminium, iron and other 
elements, 
- macroscopic components of the incident origin and occurrence. 
 
The physical model of a lignite structure includes: 
- fibrous, lamellar and spatially-symmetrical or asymmetrical components in different 
rank of coalification, 
- micro and macro-dispersion of the admixtures, 
- free intermolecular volume involving capillaries, microcracks, vacuoles.  
 
Lignite therefore represents a complicated macromolecular complex consisting of 
polyelectrolytes, polysaccharides, polyaromates, carbon chains modified by sulphate and 
nitrate groups consisted of oxygenous parts connected with the main chains. [3]  
 
 9
2.2 Humic substances 
Humus or soil organic matter is now known to include a broad spectrum of organic 
constituents, many of which have their counterparts in biological tissues. Thus two major 
types of compounds can be distinguished: 
- nonhumic substances 
- humic substances  
 
Nonhumic substances incorporate many relatively common compounds with well-defined 
structures including amino acids, carbohydrates, fats, peptides, pigments, proteins, resins, 
waxes, and other low-molecular-weight organic substances. These compounds are easily 
attacked by microorganisms in the soil and are converted relatively quickly to other 
compounds. [4]
Humic substances (HS) in contrast, are a complex mixture of relatively recalcitrant to 
microorganisms attack and to describe their structure in detail is still a great problem.  
2.2.1 The genesis of humic material 
During the life cycle, all living organisms experience a certain period of growth and then 
all of them eventually die. The physical remains of the dead organisms then experience 
intense transformations brought about by a multitude of microorganisms. This is the genesis 
of humification (Fig. 1), the breakdown of organic matter into humic material.  
The continued changes over time may be defined in several general categories (Fig. 2): 
1. Diagenesis 
2. Catagenesis 
3. Metagenesis 
 
Diagenesis 
Diagenesis is the stage of change over time that represents the less advanced development 
of sedimentary organic matter and involves low-temperature transformation of organic 
compounds (forming e.g. humic material). This activity typically takes place in 
low-temperature waters, soils, and relatively deeply buried sediments. Peat, leonardite, 
lignites, bituminous coals, and anthracite are terrestrial products of the transformation of 
organic matter deposited under semi-aerobic conditions. 
Catagenesis 
This middle stage of development of sedimentary organic matter involves thermal 
transformation of organic compounds that occurs as a result of increasing geothermal 
temperatures in sediments buried more deeply. 
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Fig. 1 The process of Humification suggested by Jackson et al. [5]
 
 
Metagenesis 
With increasing depth of burial and geothermal heat rising to 150 °C to 300 °C, the high 
temperatures and pressures cause rocks and their interred organic matter to undergo additional 
physiochemical transformation. Upon the completion of the principal stage of oil formation 
completion, the rock strata first become dehydrated then crystalline. At this point, the strata 
no longer produce hydrocarbons. Thus, the liquid hydrocarbons previously generated go 
through extensive “cracking” of the carbon-carbon bonds occurring during metagenesis. 
 11
The primary result is the conversion to dry gas or methane. As a result of the prolonged 
release of hydrocarbons, the residual organic matter becomes depleted of hydrogen. [5]
 
 
 
 
Lignins, Carbohydrates, Proteins, Lipids...
FULVIC ACIDS 
HUMIC ACIDS 
HUMIN 
KEROGEN 
CARBON RESIDUE 
GRAPHITE 
DIAMONDS 
(Pure Carbon crystalline) 
PERIOD OF PROLONGED LOW 
TEMPERATURE CHANGE OVER TIME
THERMAL 
CRACKING
HYDROCARBONS 
low to medium M.W. 
METHANE and  
LIGHT HYDROCARBONS 
MICROBIAL DEGRADATION 
POLYMERIZATION AND CONDENSATION
LIVING  
ORGANISMS 
Recent 
Sediment 
Principal 
Zone of Oil 
Formation 
Zone of Dry 
Gas Formation 
 
D
IA
G
E
N
E
SI
S 
< 
50
 °
C
 
 
C
A
T
A
G
E
N
E
SI
S 
50
–1
00
 °
C
 
 
M
E
T
A
G
E
N
E
SI
S 
> 
15
0 
°C
 
CRACKING 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Transformation of Humic Compounds. 
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2.2.2 The classification of HS 
The classical definition according to Aiken and Klavins [8], [9] states that HS are “a general 
category of naturally occurring, heterogeneous organic substances that can generally be 
characterized as being yellow to black in colour, of high molecular weight and refractory”. 
There are several ways of classification of HS. One of them divides HS into three groups 
according to their solubility in different media, i.e. humic acids (HA) soluble in alkali media, 
insoluble humin (HU) and fulvic acids (FA) soluble at all values of pH. The well-arranged 
scheme is described in Fig. 3. 
 
  
Acidic 
precipitation 
Alkaline 
precipitation 
Organic compounds 
of soil 
Living
organisms 
Soil organic 
matter 
Stable (humified) Unstable 
Alkali-soluble 
humus fragment 
Insoluble residue 
HUMIN 
Insoluble residue 
HUMIC ACIDS 
Soluble part
FULVIC ACIDS
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Scheme of division of humic substances in dependence of their solubility. 
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2.2.3 The role and chemical structure of HS 
HS are present in soils, natural waters, river, lake and sea sediments, peat, brown and brown-
black coals and other natural materials as a product of chemical and biological 
transformations of animal and plant residues. 
Because of its molecular structure, it provides numerous benefits to crop production. HS help 
break up clay and compacted soils, assist in transferring micronutrients from the soil to the 
plant, increase seed germination rate and penetration, enhance water retention, and stimulate 
development of micro flora populations in soils. HS also slow down water evaporation from 
soils. Their benefits have been proven both experimentally and in the field. [10]
From the chemical point of view, humic molecules are composed of aromatic and/or aliphatic 
moieties and with specific content of functional groups. Their number and position depend on 
the conditions of formation. Elemental analyses data of humic samples originated from 
miscellaneous sources differ in their elementary composition and reactivity. Although, 
undisputable differences exist in way of genesis, humic substances from different sources 
should be considered as members of the same class of chemical compounds. [11]  
From the point of view of elemental analysis HS consist of carbon (C), oxygen (O), hydrogen 
(H) and sometimes small amounts of nitrogen (N) and occasionally phosphorus (P) and sulfur 
(S). The C content ranges from 53.8 to 58.7 % in case of soil humic acids, for coal ones is 
reported slightly higher. Fulvic acids have lower C (usual range from 40.7 to 50.6 %) but 
higher oxygen (39.7−49.8 %) content. A variety of functional groups, including carboxyl 
(COOH), phenolic OH, enolic OH, quinone, hydroxyquinone, lactone, ether, and alcoholic 
OH, have been reported in humic substances. [4]  
Several hypothetic secondary structures, including different schematic models without 
chemical structural formulas, have been proposed during the long history of humus chemistry. 
The most frequently adopted view was that humic-like constituents in solution were polymers 
which will coil at high concentrations, low acidity and high ionic strength but become linear 
at neutral acidity, low ionic strength and low concentration. [12] This random coil model had 
been a leading concept in humus chemistry for decades. As a matter of fact, the terms 
polymer, polymeric and polymerization do not have their original meaning in the context of 
humic matter-like constituents because for example the term polymer is accurate only when 
the structural units are linked to each other in a regular manner and by the same kind of 
linkages. 
This random-coiled model for humic matter-like macromolecules had been strongly criticized, 
e.g. by Wershaw [13], because mathematical equations used to define the model were 
originally derived for high-molecular-mass linear polymers. On the contrary, Wershaw et al. 
[13], [14] had presented an alternative schematic membrane model, much like a protein, for 
the secondary structure of humic matter. In this membrane model, humic materials were 
pictured as composed of partially degraded molecular components from natural organisms 
(mainly from plants) which were held together in ordered, membrane-like or micelle-like, 
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aggregated structures by weak interactions such as hydrogen bonding, π-bonding, van der 
Waals and hydrophobic forces. These aggregated structures with hydrophobic interiors and 
hydrophilic exteriors constitute a separate phase in soil-water and sediment-water systems, 
thus better fitting the theory presented for small organic molecules in aqueous solvents. [15]  
 
 
 
 
Fig. 4 Recent model structure of humic acid according to Simpson et al. (2002). [16]  
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Piccolo et al. [17] have recently presented an extended theory that, instead of being stable 
polymers, humic constituents at neutral and alkaline acidities (pH) are supramolecular 
associations of relatively small heterogeneous molecules held together by weak dispersive 
forces such as van der Waals, π−π and CH–π interactions. This conclusion was based on the 
large-scale experimental data that after addition of modifiers such as natural organic acids, 
e.g. acetic acid, to the original humic-solute mixture, the macroscopic dimension of this 
supramolecular association was disrupted in smaller sized associations with reduced chemical 
complexity. This disruption by organic acid additions was attribute to the formation of new 
inter- and intramolecular hydrogen bonds which are thermodynamically more stable than the 
hydrophobic interactions stabilizing humic conformations at neutral acidities (pH). [18]
Results obtained later by fluorescence spectroscopy, nuclear magnetic resonance (NMR) [19], 
thermal analysis [20] or mass spectrometry [21] supported such conclusions. Further, other 
researchers adopted this view [18] although they do not refuse the presence of high molecular 
moieties which are the rest of parental plant tissues which are protected by humic molecules 
from biological degradation [22]. 
Many model structures of HA and FA were suggested, but they should be considered only as 
models taking into account average composition. Therefore, in the real humic mixture, such a 
structure may not be necessarily present. Nevertheless the most recent HA model structure 
taking into account the system complexity is presented in Fig. 4. 
2.2.4 The molecular formation of HS 
Several theories appeared for the formation of humic substances, e.g. the lignin theory, 
the polyphenol theory or the sugar-amine condensation theory. A review of such theories can 
be found for example in the work of Davies and Ghabbour. [6]  
First classical theory is that HS were derived from lignin. According to this lignin is 
incompletely utilized by microorganisms and the residuum becomes part of the soil humus. 
Modifications of lignin include loss of methoxyl (OCH3) groups with the generation of 
o−hydroxyphenols and oxidation of aliphatic side chains to form carboxyl (COOH) groups. 
Assuming that HS represent a system of polymers where the initial product would be 
components of humin. Further oxidation and fragmentation would yield first humic acids and 
than fulvic acids. This lignin theory was popularised by Waksman in 1932. [4] (Pathway 4 
in Fig. 5) 
Flaig in his polyphenol theory claims that lignin still plays an important role in humus 
synthesis but in a different way. The starting material consists of low molecular weight 
organic compounds from which large molecules are formed through condensation and 
polymerization. In this case, phenolic aldehydes and acids released from lignin during 
microbiological attack undergo enzymatic conversion to quinones which subsequently 
polymerize in the presence or absence of amino compounds to form humic-like 
macromolecules. Or, there is the second process which is somewhat similar to the previous 
 16
except that the polyphenols are synthesized by microorganisms from non-lignin carbon 
sources (e.g. cellulose). The polyphenols are then enzymatically oxidized to quinones and 
converted to humic substances. (Pathway 2 and 3 in Fig. 5) 
The notion that humus is formed from sugars dates back to the early days of humus chemistry. 
According to this concept reducing sugars and amino acids, formed as by-product of 
microbial metabolism, undergo non-enzymatic polymerisation to form brown nitrogenous 
polymers of the type produced during dehydration of certain food products. This sugar-amine 
condensation theory was initially proposed in 1911 by Maillard and it can be simply 
illustrated as pathway 1 in Fig. 5. [4]
According to recently introduced concept, humification in soil can be considered as 
a two-step process of biodegradation of dead-cells components and aggregation of 
the degradation products. In light of the supramolecular model, one needs not to invoke 
the formation of new covalent bonds in the humification process that leads to the production 
of humus. Humification is the progressive self-association of the mainly hydrophobic 
molecules that resist the biodegradation. These suprastructures are thermodynamically 
separated by the water medium and adsorbed on the surfaces of soil minerals and other 
pre-existing humic aggregates. The exclusion from water means exclusion from microbial 
degradation and the long-term persistence of humic matter in soil. [7]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Modified 
lignins 
Sugars 
4 32 1 
Plant residues 
Transformation by microorganism 
HUMIC SUBSTANCES 
Amino 
compounds 
Lignin 
decomposition 
products 
Quinones 
Polyphenols 
Quinones 
 
 
 
Fig. 5 Several most accepted mechanisms of humic substance formation. Amino compounds 
synthesized by microorganisms are seen to react with modified lignins (pathway 4), quinones 
(pathways 2 and 3), and reducing sugars (pathway 1) to form complex dark-coloured 
polymers. 
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2.3 Colloidal properties of HS 
HS are a major class of naturally occurring organic colloidal particles which not only 
demonstrate colloidal phenomena by themselves but display a range of important colloidal 
interactions in the presence of other substances. Specifically, HS not only interact with other 
naturally occurring soil components such as clays and metals ions but also with man-made 
materials such as herbicides and pesticides used in agriculture. [23]
2.3.1 Aggregation behaviour 
As with all surface active substances, the effect of HA and FA on surface tension depends on 
their tendency to accumulate at the water-air interface. This is dictated by their amphiphilic 
character and therefore by the solution conditions that control it. The essence of the theory is 
that the HA amphiphile consists of an elongated hydrophobic part with one or more anionic 
(carboxylate) groups attached at the end. These entities aggregate in the manner of synthetic 
surfactants forming micellar or membrane-like structures.  
 
 
 
Hydrophobic 
Nitrogen 
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Oxygen 
 
 
 
Hydrogen 
 
Sulphur 
 
Magnesium 
 Region 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Portion of the proposed "type" structure of humic acid. [25]
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In the former case, it is thought that the humic molecules fold and coil in a manner that forms 
structured regions that can be likened to knots in a string. The interior of these assemblies is 
relatively hydrophobic, while the exterior is more hydrophilic. The structure is similar to that 
of a surfactant micelle. In the case of HS the term pseudomicelles is more appropriate to 
describe these structures. In analogy with synthetic surfactant micelles, the humic 
pseudomicelles contain sites for the sequestration of non-polar solutes. 
It has been shown that metal ions, especially polyvalent ones, have a major influence on 
humic aggregation and the formation of pseudomicellar structures. This is thought to be due 
to the ability of the cations to both neutralize the negative charges on HA (reducing repulsion) 
and engage in bridging interactions. [24] The propensity of HA to complex with metal ions 
and sequester organic molecules suggests that they may be used to remove contaminants from 
polluted water. This has been recognized in various studies and is the subject of a patent by 
Zanin and Boetti who reported the use of extracted HA for the removal of heavy metals, 
chlorinated organics, phosphorus and nitrogen from waste water. [25]  
2.3.2 Critical Micelle Concentration (CMC) 
Certain molecules contain two distinct parts differing in their affinity for solutes. The part of 
the molecule which has an affinity for polar solutes, such as water, is said to be hydrophilic. 
The part of the molecule which has an affinity for non-polar solutes, such as hydrocarbons, is 
said to be hydrophobic. Molecules containing both types of components are said to be 
amphiphilic. Such molecules display distinct behavior when interacting with water. An 
amphiphilic molecule can arrange itself at the surface of the water such that the polar part 
interacts with the water and the non-polar part is held above the surface (either in the air or in 
a non-polar liquid). The presence of these molecules on the surface disrupts the cohesive 
energy at the surface and thus lowers the surface tension. 
The proportion of molecules present at the surface or as aggregates in the bulk of the liquid 
depends on the concentration of the amphiphile. At low concentrations amphiphiles favor 
arrangement on the surface. As the surface becomes crowded with amphiphiles more 
molecules will arrange into aggregates. At some concentration the surface becomes 
completely loaded with amphiphile and any further additions lead to arrangement into 
aggregates. This concentration is called the Critical Micelle Concentration (CMC). A graph of 
surface tension versus logarithm of concentration may be used to determine the CMC point. 
[26], [27]  
The estimated value of CMC of concentrated HA solutions has been reported as high 
as 10 g L–1. However, for diluted HA solutions evidence for micelle-like organizations was 
found which does not feature a CMC. [28], [29] In this model the HA molecules are 
considered to ‘‘aggregate’’ both inter- and intramolecularly. Nevertheless, there is no reason 
to believe that humic molecules aggregate according to exactly the same mechanisms as 
common surfactants do. For instance, humic molecules with a shorter hydrophobic segment 
may aggregate at significantly lower concentration than amphiphilic compounds. [30]
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2.4 Oxidative weathering of organic matter 
Oxidative weathering of sedimentary organic matter in the continental surficial environment 
is one of the major processes in the geochemical carbon cycle. The weathering of organic 
matter is especially important because it is one of the major controls of the atmospheric 
oxygen level through geologic time. On the basis of the oxidation studies of coal in air, it has 
been believed that the weathering of coal occurs in two steps: 
⎯→⎯+ A2coal OC intermediates  2B CO⎯→⎯
The first step (A) of the overall reaction is the consumption of oxygen and the formation of 
intermediate products. The second step (B) is the eventual decay of the long-lived 
intermediates and the formation of CO2. The results of the investigation of Chang and Berner 
[31] show that the CO2 production rate is fairly constant and independent of either oxygen 
level or O2 consumption rate which strongly suggests that the oxygen consumption reaction 
and CO2 formation reaction are separate kinetic processes under the given experimental 
conditions. 
Formation of humic substances by oxidative weathering of low-rank coals such as lignite is 
well-known. Weathered lignite is called leonardite and up to 85 % of its organic matter is 
alkali-extractable. Due to its high humic substance content leonardite has been studied and 
used for various agricultural and environmental applications. [31]
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2.5  Regenerated humic acids 
2.5.1 The oxidative depolymerization of coal 
Coal is the final result of a diagenetic process which starting from low molecular weight 
substances like humic and fulvic acids, leads through the loss of functional groups and 
condensation reactions to the formation of an insoluble tridimensional network. [32]
 When a hypothetical coal structure as that proposed by Wiser [33] for a medium rank coal is 
considered, some “weak” points can be identified, who’s breaking off and conversion could 
lead to the “depolymerization” of the original structure and to the production of a substrate 
(oxycoal) easily convertible in smaller, soluble fragments (i.e. HA). This transformation can 
be achieved through the oxidation reaction which could ideally be considered as an inverse 
diagenetic process able to regenerate the molecules which originally led to the insoluble 
structure of the coal. So produced humic acids are generally called “regenerated” humic acids 
(RHA) or oxyhumic acids. [34]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coal Oxicoal 
 
Regenerated  
humic acids 
 
Humic acids, 
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Fig. 7 Coal oxidation as an ideal inverse diagenetic process. 
 
As mentioned before the transformation of coal into HA can be achieved by means 
of the oxidation process. Oxidation can be performed by using many of oxidants usually 
utilized in organic chemistry (HNO3, KMnO4, H2O2, etc.). However, in this case part 
of the carbon originally presented in the coal (30−40 %) is lost as CO and CO2. Moreover, 
with certain reagents (e.g. HNO3) some extra side-reactions as nitration are involved. 
Conversely, using oxygen or air as an oxidants the fragmentation reaction can be controlled, 
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carbon losses can be minimized (CO and CO2 evolved in the optimum conditions never 
exceed 10 %) and almost any coal can be converted in high yields into humic acids. [34]
2.5.2 The chemical and physical characteristics 
The final product of the acidic treatment of the alkaline solution of humates extracted from 
oxycoal is a black, amorphous and water-insoluble RHA powder. 
RHA have similar characteristics and chemical behavior like the original HA whose 
conversion led to coal. Their solubility is pH dependent and the dissolution of their molecular 
structure at high pH is related to the presence of many acidic functional groups. The major 
elements in RHA are carbon and oxygen and their elemental composition (weight percent) 
typically varies between the following ranges: C = 60−70 %, O = 23−38 %, H = 3−4 %, 
N = 1−2 %, S = 0.3−5 %. In fact, RHA generally contain more carbon and less oxygen than 
HA obtained from natural environments. The major functional groups in RHA are carboxylic 
and phenolic groups. 
The molecular structure of RHA is similar to the structure of their analogous natural products. 
The average molecular weights of RHA (Mn, Mw) obtained via HPSEC are generally of 
the same order of those found for natural HA by GPC with Sephedex. Mn and Mw values 
depend on the nature of the coal and on the experimental conditions. [34]
2.5.3 Toxicity 
Because of its high aromatic structure RHA could be considered to be potentially hazardous. 
On the basis of carefully controlled experiments followed by thorough histopathological 
investigation it was clearly demonstrated that RHA exhibit neither acute nor chronic toxicity. 
Ames tests carried out on RHA indicate no mutagenic characteristics. Laboratory tests 
showed no harmful effect on soil microbiological populations at rates of 1000 ppm for 
potassium humates indicating that these products are safe for agricultural and industrial usage. 
In glasshouse and limited field experiments no toxicity was found in plants grown in 
the presence of RHA up to application level of 800 kg per hectare. [34]
2.5.4 Applications 
The behavior and performance of oxidized coal products in the various applications are 
dependent on the molecular structure of these products and more specifically on molecular 
weight distributions and acidic functional groups. The most interesting results have been 
achieved in two main application areas, agriculture and waste-waters treatment. [34]  
Agricultural applications 
Soil stabilization: Wet-sieving tests and larger-scale rainfall simulation studies executed on 
a problem soils treated with RHA salts (oxyhumates) at very low application levels (0.1 %) 
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demonstrated the efficacy of these products in “fight” against soil crusting and compaction. 
It has also been demonstrated that these treatments can improve water penetration threefold. 
Microelement transport/availability: The availability of several trace elements, especially iron 
(Fe) and zinc (Zn), is low in soils with high pH. This causes nutritional problems. Different 
micro-chelates can be prepared by reacting oxyhumates with inorganic salts with careful pH 
control of the reaction what assured effective chelate formation. In the tests, iron introduced 
as Fe-formulated humates was easily absorbed by plants. 
Plant grow stimulation: Pot tests on tomatoes, wheat and maize have shown that effective 
stimulation of growth occurs following soil treatment with small amounts of humic acids 
produced from coal. Concentration equivalent to 50−100 kg of oxyhumates per hectare have 
significant growth stimulation effect, equivalent to an increase in plant dry weight ranging 
from 5 to 25 %. 
Herbicide control: RHA have been evaluated as complexing agents for herbicides in order to 
decrease their solubility and thus reduce the risk of polluting underground waters. [34]
Waste-waters applications 
The most promising environmental application of RHA is concerned in the treatment of waste 
waters. Strong removal (66−99 %) of heavy metals (Cu, Cd, Cr, Mn) can be achieved by 
utilization of RHA. [34]
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3 METHOD AND MEASUREMENT 
3.1 High Performance Size-Exclusion Chromatography (HPSEC) 
High performance size-exclusion chromatography is a separation chromatographic technique 
which makes possible a separation of macromolecular species from macromolecular mixtures 
according to their size in solution. It belongs among the most frequent techniques used in 
molecular mass distribution determination.  
A stylized separation of an ideal mixture of two sizes of macromolecules is presented in Fig. 
8. In the first frame, the sample is shown immediately after injection on the head of 
the column. A liquid mobile phase is passed through the column at a fixed flow rate, setting 
up a pressure gradient across its length. In the next frame the sample polymer molecules pass 
into the column as a result of this pressure gradient. The particles of the stationary phase 
(packing material) are porous, with controlled pore size. The smaller macromolecules are able 
to penetrate these pores as they pass through the column, but the larger ones are too large to 
be accommodated and remain in the interstitial space, as shown in the third frame. 
The smaller molecules are only temporarily retained and flow down the column until they 
encounter other particle pores to enter. The larger molecules flow more rapidly down 
the length of the column because they cannot reside inside the pores for any period of time. 
Finally, the two molecular sizes are separated into two distinct chromatographic bands, as 
shown in the fourth frame. A mass detector situated at the end of the column responds to their 
elution by generating a signal (peak) for each band as it passes through whose size is 
proportional to the concentration. A real SEC sample chromatogram typically shows 
a continuum of molecular weight components contained unresolved within a single peak. [35]
 
 1. 2. 3. 4.
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 SEC separation of two macromolecular sizes: (1) sample mixture before entering the 
column packing; (2) sample mixture upon the head of the column; (3) size separation begins; 
(4) complete resolution. [35]
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3.1.1 Application of HPSEC in humus chemistry 
High-performance application of SEC appears to be particularly well suited for quantifying 
different size components in humic solutions. It is well-known that size-exclusion 
fractionation is not based on size alone because many factors such as stationary phase, 
composition of eluent, ionic strength, possible organic modifiers, charge, molecular structure, 
steric affect, and hydrophobicity-hydrophilicity may influence the results as reported and 
reviewed previously. [36] The calibration of SEC system is also problematic because there are 
no standards with hydrodynamic and chemical properties comparable to those of studied 
humic solutes. Another excellent review reports the application of low pressure SEC. [37] 
Further, results of recent achievement are summarized in ref. [7]. On the base of HPSEC 
measurements the above-mentioned supramolecular theory was developed. Such approach 
and conclusions, however, were strongly criticized by Varga and Perminova. [38], [39] 
Despite such a heated debate, HPSEC represents one of the most powerful, 
time-non-consuming techniques useful for characterization of humic substances.  
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3.2 Surface Tension measurement (ST) 
Surface tension is a measurement of the cohesive energy present at an interface. 
The molecules of a liquid attract each other. The interactions of a molecule in the bulk of 
a liquid are balanced by an equal attractive force in all directions. Molecules on the surface 
of a liquid experience an imbalance of forces as indicated in Fig. 9. 
 
Liquid 
Air 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9  Imbalance of the forces among molecules on the surface of a liquid. 
 
The net effect of this situation is the presence of free energy at the surface. The excess energy 
is called surface free energy and can be quantified as a measurement of energy/area. It is also 
possible to describe this situation as having a line tension or surface tension which is 
quantified as a force/length measurement. The common units for surface tension are 
dynes cm–1 or mN m–1. These units are equivalent. This excess energy exists at the interface 
of two fluids. If one of the fluids is the vapor phase of a liquid being tested the measurement 
is referred to as surface tension. If the surface investigated is the interface of two liquids 
the measurement is referred to as interfacial tension. In either case the more dense fluid is 
herein referred to the ‘heavy phase’ and the less dense fluid is referred to the ‘light phase’. 
Solids also may be described to have a surface free energy at their interfaces but direct 
measurement of its value is not possible through techniques used for liquids.  
Polar liquids, such as water, have strong intermolecular interactions and thus high surface 
tensions. Any factor which decreases the strength of this interaction will lower surface 
tension. Thus an increase in the temperature of this system will lower surface tension. Any 
contamination, especially by surfactants, will lower surface tension.  
The measurement of surface and interfacial tension is performed by a tensiometer. This 
method is based on force measurements of the interaction of a probe with the surface of 
interface of two fluids. In these experiments a probe is hung on a balance and brought into 
contact with the liquid interface tested. The forces experienced by the balance as the probe 
interacts with the surface of the liquid can be used to calculate surface tension. 
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The mathematical interpretation of the force measurements depends on the shape of the probe 
used. The most common used probe is the DuNouy Ring. 
DuNouy Ring method utilizes the interaction of a platinum ring with the surface being tested. 
The ring is submerged below the interface and subsequently raised upwards. As the ring 
moves upwards it raises a meniscus of the liquid. Eventually this meniscus tears from the ring 
and returns to its original position. Prior to this event, the volume, and thus the force exerted, 
of the meniscus passes through a maximum value and begins to diminish prior to the actually 
tearing event. The calculation of surface or interfacial tension by this technique is based on 
the measurement of this maximum force. [40]
 
 
 
Fig. 10 DuNouy Ring method of surface tension measurement. 
 
3.2.1 Surface tension of HS 
Although rarely measured and published the surface tension of aqueous HA and FA solutions 
is a parameter with relevance to all types of aggregation of these substances. It has been 
shown that the surface tension decreases with increasing HA and FA concentration but 
contradictory results have been presented on the dependence of surface tension on pH. One of 
the difficulties encountered in such measurements involves the concentration ranges 
considered. Results can vary significantly between humic solutions with concentrations in the 
grams per liter range, and those in the milligrams per liter range. The pH of the aqueous 
solvent is also important: humic materials dissolve more readily in highly alkaline solutions 
(pH≥10) but their conformational behavior and aggregation characteristics are strongly 
influenced by such conditions. [24]  
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3.3 Fourier Transformation Infrared Spectroscopy (FTIR) 
Infrared spectroscopy is a technique based on the vibrations of the atoms of a molecule. 
An infrared spectrum is commonly obtained by passing infrared radiation through a sample 
and determining what fraction of the incident radiation is absorbed at a particular energy. 
The energy at which any peak in an absorption spectrum appears corresponds to the frequency 
of a vibration of a part of a sample molecule. [41]
The infrared portion of the electromagnetic spectrum is divided into three regions; the near-, 
mid- and far-infrared, named for their relation to the visible spectrum. The far-infrared, 
approximately 400–10 cm–1 (1000–30 μm), lying adjacent to the microwave region, has low 
energy and may be used for rotational spectroscopy. The mid-infrared, approximately 4000–
400 cm–1 (30–1.4 μm) may be used to study the fundamental vibrations and associated 
rotational-vibrational structure. The higher energy near-infrared, approximately 14000–
4000 cm–1 (1.4–0.8 μm) can excite overtone or harmonic vibrations. The names and 
classifications of these subregions are merely conventions. They are neither strict division nor 
based on exact molecular or electromagnetic properties. [42]
Infrared spectroscopy exploits the fact that molecules have specific frequencies at which they 
rotate or vibrate corresponding to discrete energy levels. These resonant frequencies are 
determined by the shape of the molecular potential energy surfaces, the masses of the atoms 
and by the associated vibronic coupling. In order for a vibrational mode in a molecule to be 
IR active, it must be associated with changes in the permanent dipole. Simple diatomic 
molecules have only one bond, which may stretch. More complex molecules have many 
bonds and vibrations can be conjugated, leading to infrared absorptions at characteristic 
frequencies that may be related to chemical groups. For example, the atoms in a CH2 group 
commonly found in organic compounds can vibrate in six different ways: symmetrical and 
antisymmetrical stretching, scissoring, rocking, wagging and twisting. 
The infrared spectrum of a sample is collected by passing a beam of infrared light through 
the sample. Examination of the transmitted light reveals how much energy was absorbed at 
each wavelength. This can be done with a monochromatic beam which changes in wavelength 
over time or by using a Fourier transformation instrument to measure all wavelengths at once. 
Usual output is a transmittance or absorbance spectrum showing at which IR wavelengths the 
sample absorbs. Analysis of these absorption characteristics reveals details about the 
molecular structure of the sample. This technique works almost exclusively on samples with 
covalent bonds. Simple spectra are obtained from samples with few IR active bonds and high 
levels of purity. More complex molecular structures lead to more absorption bands and more 
complex spectra. The technique has been used for the characterization of very complex 
mixtures. [42]
The basic components of an FTIR spectrometer are shown schematically in Fig. 11. 
The radiation emerging from the source is passed through an interferometer to the sample 
before reaching a detector. Upon amplification of the signal, in which high-frequency 
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contributions have been eliminated by a filter, the data are converted to digital form by an 
analog-to-digital converter and transferred to the computer for Fourier-transformation. 
 
 
Fig. 11 Basic components of an FTIR spectrometer. 
 
The essential equations for a Fourier-transformation relating the intensity falling on 
the detector, I(δ), to the spectral power density at a particular wavenumber, ν , given by 
B(ν ), are as follows: 
 ( ) ( ) νδνπνδ dBI )2cos(
0∫+∞= ,  (1) 
which is one half of a cosine Fourier-transform pair, with the other being: 
 ( ) ( ) δδνπδν dIB )2cos(∫+∞∞−= ,  (2) 
These two equations are interconvertible and are known as a Fourier-transform pair. The first 
shows the variation in power density as a function of the difference in pathlength which is 
an interference pattern. The second shows the variation in intensity as a function of 
wavenumber. Each can be converted into the other by the mathematical method of 
Fourier-transformation. [41]
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4 AIM OF THIS WORK 
The aim of this work was production of regenerated humic acids in processes of “wet” 
modification of South Moravian lignite based on the oxidation by HNO3, H2O2 and 
amphiphilic-like treatment with acetic and citric acids. The main objective of this study was to 
assess the changes in chemical composition (primary structure) and physical-chemical 
parameters (secondary structure) of dissolved RHA. The next task was to search a correlation 
between determined parameters and thus to discover a potential interrelationship connecting 
primary and secondary humic acids structure.  
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5 EXPERIMENTAL PART 
5.1 Regenerated humic acid 
For the experiment carried out in this work the South Moravian lignite collected from the Mír 
mine in the area of Mikulčice, near Hodonín (Czech Republic) was used. Seven samples 
of HA (NaRHA1–NaRHA7) and one referential “not regenerated” HA (NaHA) were 
extracted and analyzed. The samples of RHA were obtained from the fraction of lignite sieved 
at 0.2–0.3 mm by its oxidation reaction with two oxidizers (HNO3, H2O2) and two 
“amphiphilic-like” agents (acetic and citric acids, respectively), followed by the alkali 
extraction. The list of the samples is in Table 2. The process of regeneration and modification 
of lignite was carried out according to following procedure: 20 g of raw lignite was placed 
into a beaker, 200 ml of appropriate oxidizer was added and the suspension was stirred for 
half an hour. Then the pretreated lignite was thoroughly washed by distilled water to 
agent-free.  
Table 2 List of the samples. 
sample modifier  sample modifier 
HA –  RHA4 2% H2O2
RHA1 5% HNO3  RHA5 5% H2O2
RHA2 10% HNO3  RHA6 20% acetic acid
RHA3 20% HNO3  RHA7 20% citric acid
 
Pretreated lignite was mixed with 400 ml of extraction agent consisting of 0.5 M NaOH and 
0.1 M Na4P2O7 (1:10). The extraction was carried out under gentle heating and stirring for one 
hour. After separation by centrifugation (15 min, 4000 rpm), the supernatant was treated with 
concentrated HCl to reach pH 1–2 in order to precipitate the RHA. Then approximately 
500 ml of 8 % (v/v) HF was added and shaken overnight in a plastic vessel to remove residual 
ashes. After that the sample was centrifuged, rinsed with distilled water, centrifuged again and 
then dialyzed (Spectra/Por® dialysis tubes, 1000 Da cut-off) against distilled water until 
chloride-free (five to seven days). The final process was freeze-drying (Labconco FreeZone) 
of dialyzed humic products.  
Obtained RHA were then divided into two parts: one part was titrated by 0.1 M NaOH to get 
water-soluble sodium humates (NaRHA) and the second part remained in the protonated 
form. NaRHA samples were then used for characterization by HPSEC and ST measurement. 
The protonated form of RHA was used for Elemental Analysis and FTIR spectroscopy. 
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5.2 Elemental Analysis 
All above mentioned samples were characterized for their elemental content using PE 2400 
CHNS/O Elemental Analyzer performed by Strojírenský zkušební ústav, s. p., Brno.  
 
5.3 FTIR spectroscopy 
In order to evaluate humic acids molecular changes induced by the modification of parental 
lignite, FTIR spectroscopy was used. For this purpose Nicolet Impact 400 was employed. 
Conventional KBr pellet technique described previously by many authors was applied. [44] 
From 0.5 to 1 mg of previously dried (110 °C for 4 hours), cooled and stored humic samples 
in desiccator were mixed in agate mortar with 200 mg of KBr. Obtained powder was 
squeezed to form the pallet and put into the spectrometer to be analyzed. 
 
5.4 HPSEC analysis 
The Agilent system was used for HPSEC analysis. Two detectors in series were used: 
UV/VIS detector set at 280 nm (calibrated by sodium polystyrensulphonates (PSS) and 
refractive index detector (RID) (calibration with polysaccharides (PSC). An automatic 
injector, with a 100μl sample loop, was used to load HPSEC solutions and a Phenomenex 
Biosep S2000 (600 x 7.5 mm) column was used for size exclusion separations. The column 
was preceded by a guard column and a 0.2μl stainless-steel inlet filter. Flow rate was set at 
0.6 ml min–1, while the HPSEC eluent was a 50 mM NaH2PO4·H2O solution adjusted at pH 7 
with 1 M NaOH. The salt concentration was chosen to have a constant ionic strength of 
50 mM in order to minimize ionic exclusion or hydrophobic interactions with the column. 
[36]
 Standards of known Mw, such as PSC of 186, 100, 23.7 and 12.2 kD (Polymer Sciences 
Laboratories, UK) and PSS of 169, 123, 30.9 and 6.78 kD (Pokymer Standard Service, 
Germany) were used for column calibration.  
NaRHA samples were dissolved in the HPSEC eluent to achieve 0.6 mg ml–1 of solutions and 
subjected to HPSEC analysis. All solutions were filtered through quartz filters (Glass 
Microfibre Filterm Whatman International, LTD) before injection.  
Weight-average molecular weight (Mw) was calculated using the PE-TC-SEC 4.01 software 
and the following relationship: 
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where Mi and hi are molecular weight and the height of each i-th fraction in chromatogram, 
respectively. [46]
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5.5 Surface Tension measurement 
ST measurements were carried out employing Sigma 700 tensiometer (KSV Instruments Ltd.) 
using a 19-mm-diameter platinum-iridium (Pt-Ir) ring.  
Thirteen samples with concentrations from 0.001 to 10 g L–1 (0.001, 0.005, 0.01, 0.05, 0.1, 
0.5, 1, 2, 3, 4, 5, 8, 10 g L–1) of individual NaRHA were prepared by diluting humic solutions 
at least one day before measurement. Each solution was than stirred for 5 min in a shallow 
glass measuring dish. The experiment was carried out after 10 min sample repose drawing 
the Pt-Ir ring on the solution surface. The time of measurement was 12 hours. All 
measurements were carried out at the temperature of 25±2 °C. 
Using Origin 7.5 the obtained data were fitted by Szyszkowski equation: 
 )1(log0 cba +=−γγ ,  (4)  
where a and b are empirical parameters of Szyszkowski equations dependence on 
the structure of dissolved matter; parameter a reflects the nature of surface active substances 
and has a constant value for the surface active moieties of one type of molecule, parameter b 
is different for different molecules and characterizes the efficiency of the absorbed molecules 
to decrease surface tension and also surface activity. γ0 is the surface tension of the solvent 
(water at 25 °C: 1,720 =γ  mN m–1), γ is the surface tension of the solution and c is 
the concentration of the solute.  
For the maximal surface saturation by adsorbed molecules was derived following equation: 
 TRa 303,2max =Γ ,  (5)  
where Γmax is the maximal Gibbs surface excess quantity. For predicted surface excess 
quantity by monomolecular layer, the area of one molecule at the surface is: 
 ΑΓ= Ns max1 ,  (6) 
where NA is Avogadro's number (NA = 6,023.1023). [48]
 
5.6 Statistical analysis 
For correlation of the values obtained in this study the Pearson product-moment correlation 
coefficient, which is obtained by dividing the covariance of the two variables by the product 
of their standard deviations, were used. The correlation coefficient R between two random 
variables X and Y with expected values μX and μY and standard deviations σX and σY is 
defined as:  
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where E is the expected value operator and cov means covariance. Since )(XEX =σ , 
 and likewise for Y, we may also write: )()( 22 XEXEX −=σ
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The correlation is defined only if both of the standard deviations are finite and both of them 
are nonzero. It is a corollary of the Cauchy-Schwarz inequality that the correlation cannot 
exceed 1 in absolute value. The correlation is 1 in the case of an increasing linear relationship, 
–1 in the case of a decreasing linear relationship, and some value in between in all other cases, 
indicating the degree of linear dependence between the variables. The closer the coefficient is 
to either –1 or 1, the stronger the correlation between the variables. If the variables are 
independent then the correlation is 0, but the converse is not true because the correlation 
coefficient detects only linear dependencies between two variables. If we suppose the random 
variable X is uniformly distributed on the interval from –1 to 1, and Y = X 2. Then Y is 
completely determined by X, so that X and Y are dependent, but their correlation is zero; they 
are uncorrelated. However, in the special case when X and Y are jointly normal, independence 
is equivalent to uncorrelatedness. A correlation between two variables is diluted in 
the presence of measurement error around estimates of one or both variables, in which case 
disattenuation provides a more accurate coefficient. [49] R was computed using MS© Excel. 
Generally, values above 0.9 indicate extremely high correlation, between 0.7–0.9 indicate 
very close relationship, 0.4–0.7 intermediate relationship, 0.2–0.4 weak relationship and 
under 0.2 negligible relationship. For 8 samples, the limit for the perfect relationship was 
reported 0.834 for 1% probability level. [45]
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6 RESULTS AND DISCUSSION 
6.1 Elemental Analysis 
The results of elemental analysis of humic and regenerated humic samples investigated in this 
work are summarized in Table 3. While C, N, H contents were measured directly, O content 
was calculated as a difference according to equation O [%] = 100 – C [%] – N [%] – H [%]. It 
must be taken into account that percentages of oxygen include also a small amount of other 
elements such as sulphur and potentially also phosphorus. Nevertheless, according to 
the literature data, such amount rarely exceeds 2 %. [4]
Table 3 Elemental analysis of protonated form of RHA used in this work.
sample C [%] H [%] N [%] O [%] C/O C/H 
HA 58.1 4.44 1.53 35.9 1.62 13.1 
RHA1 58.5 3.46 2.01 36.1 1.62 16.9 
RHA2 58.2 3.55 2.32 35.9 1.62 16.4 
RHA3 56.5 4.16 3.38 35.9 1.57 13.6 
RHA4 58.0 3.62 2.15 36.2 1.60 16.0 
RHA5 58.5 4.25 1.47 35.8 1.63 13.8 
RHA6 58.0 3.75 2.06 36.2 1.60 15.5 
RHA7 58.2 3.75 2.30 35.8 1.63 15.5 
 
Content of C in all samples varied within 56.5–58.5 %, content of H within 3.46–4.44 %, 
content of N within 1.53–3.38 %, content of O within 35.8–36.2 % which is in line with 
published data. [4] Remarkable is the variation of N content. In the case of RHA3 treated by 
20% HNO3, the amount of N is much higher than in other samples. Likely, the N-substitution 
or the processes of nitration have occurred during the oxidation by nitric acid. In contrast, 
RHA1 which was also prepared by oxidation with nitric acid showed smaller amount of N in 
comparison with other samples. It seems that 5% nitric acid is strong enough to oxidize 
the parental lignite but too weak to introduce a significant amount of nitrogen into the humic 
molecular structure.  
To reveal differences among samples in detail, ratio between elements is frequently used.  
Ratio C/H given in the Table 3 is believed to reflect the aromaticity/aliphaticity degree of 
humic acids. In fact, the larger value, the higher is the overall aromaticity of the sample. 
[4], [50] In our case, it follows the order: HA<RHA3<RHA5 and RHA1>RHA2>RHA4. That 
means that during the regeneration process of lignite preferentially aliphatic moieties have 
been oxidized which is in accordance with previous observations. [50] Next parameter 
calculated from elemental analysis is the C/O ratio. Basically, such parameter reflects 
the degree of carbon oxidation. Simply, the higher C/O value the lower is the oxidation 
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degree. In our case, RHA3 represents the lowest value of C/O among all of the samples which 
indicates larger portion of oxygenous functional groups in the molecular structure in 
comparison with other samples. It is probably the consequence of the strongest oxidative 
attack of the parental lignite followed by the formation of predominantly phenolic OH groups. 
[47] On the other hand, other samples showed practically the same value which can be a result 
of the fact that although the oxidation changed the molecular feature of humic acids, the yield 
of humic matter simultaneously increased. [52] Therefore, the averaged distribution of oxygen 
within molecules of regenerated humic acids stood constant but larger amount of humic 
matter was extracted. [2]
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6.2 FTIR spectroscopy 
FTIR spectroscopy measurement of all studied RHA and non-treated HA gave typical spectra 
for HA published and described by many authors. [4], [53], [54], [55] Assigning of wave 
numbers of analyzed peaks to corresponding functional groups is listed in Table 4.  
Table 4 List of group frequencies.  
wave number  
 
 
 
 
 
 
 
 
 
 
(cm–1) functional groups 
3400–3300 hydrogen bonded –OH 
3030 aromatic C–H binding 
2940–2840 aliphatic C–H stretching 
1725–1720 (–1710) C=O of COOH 
1640–1600 
C=O stretching of COO–, ketonic 
C=O and aromatic C=C conjugated 
with COO–
1590–1517 COO
– systematic binding, N–H 
deformation + C=N bond 
1514 aromatic C=C 
1460–1450 aliphatic C–H 
1422-1390 
phenolic or alcoholic C–O, O–H, OH 
deformation a C–O phenolic bonded, 
C–H deformation CH2 a CH3
1280–1200 aromatic C, C–O stretch 
1100–1045 C–C or C–OH binding 
1170–950 C–O of polysaccharides and Si–O 
 
Absorption spectra obtained for all studied samples were almost identical. Two of them are 
presented in Fig. 12. The others are published in appendix. Fig. 12 shows absorption spectra 
of RHA3, treated by 20% HNO3, in comparison with non-treated HA. The first broad peaks 
were observed in the range 3450–3300 cm–1 (hydrogen bonded –OH) and in region 2950–
2900 cm–1 (aliphatic C–H stretching). Sharp peaks can be seen around 1710 cm–1 (C=O of 
COOH), another in region 1640–1600 cm–1 (C=O stretching of COO–, ketonic C=O and 
aromatic C=C conjugated with COO–) and other at around 1280–1180 cm–1 (aromatic C, C–O 
stretch).  
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Fig. 12 Comparison of FTIR absorption spectra of non-treated HA and RHA3 treated by 
20% HNO3. 
 
Similarly to the approach used in previous section, to reveal the differences among samples in 
detail, it seems to be useful to calculate the ratio of relative intensities of specific bands. 
Hence, two ratios were calculated to distinguish the differences between HA and RHA 
samples (Table 5).  
Table 5  The proportion of relative intensity of selected absorption bands.
 
 
 
 
 
sample 2930/1514 1514/1422 
HA 1.08 0.87 
RHA1 1.07 0.84 
RHA2 1.02 0.77 
RHA3 0.95 0.91 
RHA4 0.83 0.75 
RHA5 0.96 0.79 
RHA6 1.03 0.91 
RHA7 0.94 0.95 
 
The first one 2930/1514 describes the relations between aliphatic and aromatic character of 
HA and RHA samples. According to Table 5 the highest ratio showed the non-treated HA 
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which refers to the larger amount of aliphatic structures. All RHA samples gave smaller 
values; RHA4 has the smallest. This indicted that during the oxidation of raw lignite the ratio 
aliphatic/aromatic were shifted to benefit of aromatic structures because the aliphatics were 
chemically affected. It seems that the original aromatic structures were also oxidized but not 
as extensively as aliphatics. Other ratio of intensities 1514/1422 is the correlation of aromatic 
C=C vs. phenolic or alcoholic C–O, O–H. Based on the work of Tandler [56] aromatic and 
phenolic absorption bands are in the relation since both are the main parts of the structure of 
HA. In comparison with non-treated HA, RHA4 and RHA2 have the smallest value of 
the ratio what indicates the possible carbon oxidation associated with formation of phenols 
and/or alcohols (Table 5). It can be seen, that results obtained by FTIR are in a good 
agreement with data obtained from elemental analysis (6.1). 
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6.3 HPSEC 
Using HPSEC the characterization of secondary (physical) structure of RHA was carried out. 
The purpose of the analysis was to elucidate how the character of HA was changed during 
the regeneration of lignite and if there were any significant changes in molecular structure of 
RHAs. Fig. 13 shows the chromatograms of NaRHA3 obtained from UV (280 nm) and RI 
detectors. UV detector showed a record with two peaks eluted at 20 min and 28 min, while RI 
detector showed a record with one peak eluted at 35 min. While UV detector set up at 280 nm 
could detect only chromophores (i.e. predominantly unsaturated moieties), RI detector allows 
monitoring of elution of whole sample mass, however with relatively low resolution. 
The retention times of eluted peaks are equivalent for all studied samples.  
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Fig. 13 Exemplary HPSEC chromatograms of the NaRHA3 sample treated by 20% HNO3 
detected by UV (280 nm) and RID. 
 
The first information obtained from size exclusion chromatograms were the averaged 
distribution of molecular weight of the aggregates in the bulk of NaHA and NaRHA samples. 
The weight-average molecular weights (Mw) obtained from both detectors are listed in 
the Table 6. One can see that there are significant changes in molecular structure of treated 
NaRHAs and non-treated HA. During the regeneration process the molecular weight of 
NaRHAs increased. This phenomenon is the result of the stronger affinity of the molecules 
which form larger aggregates stabilized by week interactions (hydrophobic and/or 
hydrophilic). This can be easily identified, for instance, in the sample NaRHA3 which showed 
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largest Mw enhanced probably by the interactions of OH phenolic groups with COO– 
deprotonated at pH used during the HPSEC experiment. Such conclusion is also supported by 
FTIR results. 
Table 6 Weight-average molecular weight obtained from HPSEC analysis. 
 
 
 
 
 
 
 Mw (g mol–1) 
sample UV RI 
NaHA 9878 6256 
NaRHA1 12180 10483 
NaRHA2 11755 8922 
NaRHA3 14763 17848 
NaRHA4 13151 14687 
NaRHA5 16087 16035 
NaRHA6 10225 11110 
NaRHA7 10718 13990 
 
While the averaged molecular sizes of humic substances covered similar ranges, definite 
differences exist in their distributions. The area under the peaks was integrated and analyzed 
at 6 intervals of Mw. Obtained results are shown in Table 7. The largest portion of 
the molecules occurs in the interval 0–25 kDa (about 23–35 %). The largest amount exhibits 
non-treated NaHA. NaRHA3 and NaRHA5 gave smaller values. Other four intervals showed 
similar amount of the aggregates which was caused by the continuous distribution of 
molecular sizes, except the last interval of 150–200 kDa. At this interval the amount of 
molecules is about 20–40 % where NaRHA3 shows the largest amount in comparison with 
other measured samples. Humic sample NaRHA1 rather deviates from this range since 
the number of the molecules occurring in this interval is only about 8 %. The reason of large 
molecular weight content is caused by formation of larger aggregates, similarly, as it was 
mentioned before.  
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Table 7  Apparent molecular size distribution calculated from data detected by UV (280 nm) 
and RID. 
 
  % molecules / interval of kDa 
sample detector 0-25  25-50  50-75 75-100 100-150 150-200 
NaHA UV 35.3 15.2 12.2 15.6 21.7 0.04 
 RI 38.4 14.4 7.8 5.2 13.5 20.70 
NaRHA1 UV 28.3 14.6 13.1 18.0 26.0 0.05 
 RI 26.8 9.1 6.7 7.9 41.2 8.20 
NaRHA2 UV 29.5 14.6 12.9 17.2 25.7 0.07 
 RI 27.7 11.3 7.6 6.7 18.8 27.90 
NaRHA3 UV 24.2 12.0 10.1 12.8 36.8 3.39 
 RI 18.3 7.8 5.7 5.0 13.7 39.70 
NaRHA4 UV 27.7 14.5 12.6 16.0 28.9 0.28 
 RI 22.0 13.1 9.9 8.4 18.4 26.70 
NaRHA5 UV 23.2 13.6 12.1 16.3 33.9 0.97 
 RI 19.0 10.6 8.2 7.5 18.5 34.30 
NaRHA6 UV 34.1 14.9 12.2 15.8 23.0 0.05 
 RI 29.2 13.1 8.9 7.5 17.6 23.30 
NaRHA7 UV 32.5 15.1 12.6 15.9 23.8 0.04 
 RI 24.6 12.8 9.5 8.4 19.3 24.50 
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6.4 Surface Tension 
In this part the attempt was paid to assess the surface activity of produced humic acids 
samples. The surface tension of NaHA and NaRHAs was measured as a function of their 
concentration and time. In the Fig. 14a the three-dimensional graph of surface tension with 
time and concentration for NaRHA1 is reported. One can see that with increasing 
concentration of the humic samples the surface tension progressively decreases.  
The reason of the long-term surface tension measurement of NaHA and NaRHA samples was 
the attempt of humic system to reach the equilibration, i.e. the constant value of surface 
tension. Since the sorption of amphiphilic humic molecules in the surface layer is a dynamic 
process governed both thermodynamically and kinetically, it is likely that simultaneously 
desorption processes occurred. As a result, after 12 hours of measurement the surface tension 
still did not give a strictly constant value. Nevertheless, observed value fluctuated around 
a value +/- tenths of mN m–1 after 10 hours, so that value was taken into account (Fig. 14a). 
Obtained data of surface tension in this time were subtracted from the surface tension of the 
solvent (water) and the results were plotted versus respective concentrations. Obtained plot 
was fitted by the function of Szyszkowski equation (4) (Fig. 14b). Basically, the Szyszkowski 
equation was derived for water solutions of fatty acids and aliphatic alcohols. [48] We 
assumed that it can be used also for fitting of humic acids solutions ST measurement because 
the molecules adsorbed in the surface are predominantly aliphatic. The justification of this 
opinion is based on chemical character of humic substances. Aliphatic molecules in humic 
acids are reported mainly as lipids and alcohols. From the chemical point of view, those are 
amphiphiles, hence they are very likely to be excluded from bulk of water to the surface. 
Aromatic moieties, in contrast, are represented mainly by the degradation products of lignin, 
phenylpropanoids in principle. In comparison with aliphatic molecules, those are shorter and 
less amphiphilic-like than lipids (regarding the hydrophobic “size”, the benzene ring 
corresponds to three to four aliphatic carbons). Moreover, due to a number of functionalities 
and π-electrons aromatic moieties are likely to form aggregates with other molecules in 
the solution. Parameters obtained from Szyszkowski equation fitting are listed in Table 8. 
Table 8 Parameters obtained from Szyszkowski equation.  
sample a (mN m–1) 
b 
(dm3 mol–1) 
Гmax
(× 10–3 mol m–2)
s 
(× 10-21 m2) 
NaHA 9.70±0.99  41.9±19.6 1.70 0.98 
NaRHA1 7.67±0.75   147.9±79.9 1.34 1.24 
NaRHA2 7.32±0.56  243.2±110.4 1.28 1.29 
NaRHA3 7.97±0.56 169.7±74.1 1.40 1.19 
NaRHA4 7.77±0.76  99.7±51.6 1.36 1.22 
NaRHA5 8.71±1.04  382.2±274.1 1.53 1.09 
NaRHA6 9.10±1.55  88.6±78.4 1.59 1.04 
NaRHA7 8.25±1.37 342.2±338.2 1.45 1.15 
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It is known that parameter a describes the type of molecule. According to this characterization 
Table 8 shows almost the same value of parameter a for NaRHA1, NaRHA2, NaRHA3 and 
NaRHA4 which means that these samples include more or less the same type of molecules 
adsorbed at the surface. To the other group belongs NaHA and NaRHA6. In the last group is 
NaRHA5. For example for fatty acids the a parametr is reported 12.97 mN m–1. [43] 
Therefore, data reported in Table 8 are in a good agreement with this value and confirms our 
hypothesis. Conversely, parameter b characterizes the efficiency of the absorbed molecules 
to decrease surface tension and also surface activity. In the Table 8 the values for this 
parameter are shown; NaRHA5 has significantly high value 382.2±274 in comparison with 
lower NaHA 41.9±19.6. Therefore, it can be seen that the modification of parental lignite lead 
to production of humic acids with high surface activity. Comparison with literature data [43] 
shows that efficiency of NaHA sample falls between C4 (butyric) and C5 (valeric) acids (19.6 
and 68.5, respectively) whereas sample NaRHA5 falls between C6 (caproic) and C7 (enanthic) 
acids (233 and 555, respectively).  
One can think that when the surface tension is measured, why the CMC is not determined. 
The theory of CMC estimation by the ST measurement says that when the surface is 
saturated, i.e. when the concentration is reached and at which no additional decrease in ST 
can be observed, it is a CMC. Further, it supposes no interactions among molecules under 
the CMC. However, according to Kučerík et al. [57] humic substances solutions do not 
exhibit the CMC; the aggregation of humic molecules can be observed from very low 
concentration. That was explained on the similarity with hydrotropic compounds. Moreover, 
in two cases we repeated the experiments described in ref. [57] and we obtained identical 
results. Humic molecules aggregated from 0.001 g L–1 in case of NaRHA2 and NaRHA3. In 
contrast, the surface tension measurement of those samples showed a constant value between 
the concentrations 5–8 g L–1. The same was observed for other samples and means the surface 
was saturated but no one can speculate about the CMC. 
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Fig. 14a Three-dimensional graph of surface tension dependency on the concentration and  
time of NaRHA1. 
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Fig. 14b Dependence of surface tension obtained after 10 hours of the measurement of 
different concentrated humic samples, fitted by Szyszkowski equation. 
a = 7.67±0.75 
 
b = 147.9±79.9 
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6.5 Statistical analysis 
The final task was to search a correlation between determined parameters and thus to discover 
a potential interrelationship connecting primary and secondary humic acids structure. All 
determined coefficients are summarized in Table 9 and Table 10.  
Table 9 The Pearson correlation coefficients of HA samples between parameters from 
Szyszkowski equation and intervals of molecular size distribution.
 % molecules / interval of kDa detected by UV detector 
 0-25 25-50 50-75 75-100 100-150 150-200 
a 0.50 0.26 -0.16 -0.23 -0.33 -0.14 
b -0.46 -0.19 0.06 0.13 0.35 0.09 
 % molecules / interval of kDa detected by RI detector 
 0-25 25-50 50-75 75-100 100-150 150-200 
a 0.54 0.55 0.18 -0.31 -0.42 -0.03 
b -0.57 -0.28 0.09 0.34 0.02 0.36 
 
Table 10 The Pearson correlation coefficients of HA samples.
 Mw (UV)  (g mol–1) 
Mw (RI)  
(g mol–1) C/H C/O 2930/1514 1514/1422
a -0.33 -0.30 -0.68 0.13 0.36 0.40 
b 0.48 0.47 0.01 0.47 -0.24 -0.02 
C/H -0.25 -0.17 – – -0.06 -0.28 
C/O -0.23 -0.43 – – 0.28 -0.18 
2930/1514 -0.47 -0.73 – – – – 
1514/1422 -0.40 0.07 – – – – 
 
The highest positive linear correlation coefficient in was determined between the a-parameter 
from Szyszkowski equation and molecular size distribution obtained from RI detector of 
HPSEC analysis. This value reaches 0.55 for interval 25–50 kDa. Similar behaviour with only 
a little lower values of correlation was observed for the a-parameter vs. interval 0–25 kDa. 
The values range from 0.50 obtained from UV detector (280 nm) to 0.54 obtained from RI 
detector. These correlations represents the relationship between the types of the molecules 
occurred in the samples and their apparent molecular size. Since the UV detector can detect 
only chromophores, the high correlation value obtained for interval 0–25 kDa also pointed to 
the large content of the molecules of this type (i.e. predominantly unsaturated moieties). It 
indicates that only small aggregates or even individual molecules are adsorbed on the surface 
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and play role in process of ST reduction. Other relatively great correlations, but negative, are 
between b-parameter from Szyszkowski equation and the values of weight-average molecular 
weight (Mw) obtained from both, UV (280 nm) and RI detectors. In the case of UV detector 
the correlation is 0.48 in comparison with value 0.47 from RI detector. In principle, larger 
portion of small-dimension aggregates in humic substances play reverse role in ST reduction. 
Such observation is supported also by correlation between parameter b and Mw obtained from 
both detectors. Although it seems rather contradictory, the explanation is in line with results 
referred in [51]. The authors observed the abundance of polysaccharides and peptide moieties 
in fraction of humic acids which was excluded from the HPSEC column at the high retention 
time. That implies that such fraction is rich in polar groups which decrease the amphiphilicity 
of the humic pool. Consequently the ability of molecules to be excluded from the water 
solution and to be adsorbed on the solution surface is limited. 
The significant negative correlation between the ratio 2930/1514 from FTIR spectroscopy and 
weight-average molecular weight obtained from RI detector was observed. This correlation 
gave value -0.73. It means that there is a close relationship between increasing aliphaticity of 
the samples and smaller averaged molecular weight Mw of the molecules/aggregates. That 
again partially agrees with the observations reported in [51]. 
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7 CONCLUSION 
The aim of this thesis was production of regenerated humic acids and its further 
characterization. Analytical methods used in this work revealed that during the regeneration 
process of parental lignite the changes in molecular structures of HA have occurred.  
The results from elemental analysis and FTIR spectroscopy showed that preferentially 
aliphatic moieties have been oxidized what resulted in higher aromaticity of produced RHAs. 
During the oxidation by nitric acid N-substitution or the processes of nitration took part. It 
was demonstrated that this process of lignite-modification leads to production of the material 
with increasing weight-averaged molecular weight (Mw). This can be considered as the 
evidence of the higher ability of molecules to aggregate, caused by higher affinity of the 
molecules and stabilization of the aggregates by weak interactions.  
The highest efficiency to decrease the surface tension showed the sample prepared by 
regeneration of parental lignite by 5% H2O2. Relatively high efficiency was observed also for 
the sample prepared by treatment with citric acid.  
Mutual correlation of parameters obtained using different techniques and approaches revealed 
several significant interrelationships.  
Results obtained in this work could serve as starting point for the production and application 
of modified humic substances in special industrial and agricultural branches, for instance 
natural surfactants for remediation technologies or washing techniques of highly polluted 
and/or contaminated materials.  
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9 LIST OF ABBREVIATIONS 
CMC  critical micelle concentration 
FA fulvic acid 
FTIR fourier transformation infrared (spectroscopy) 
GPC  gel permeation chromatography 
HA humic acid 
HPSEC  high performance size-exclusion chromatography 
HS  humic substance 
HU humin 
MS© Microsoft© 
NMR nuclear magnetic resonance 
PAH polycyclic aromatic hydrocarbons 
PCB  polychlorinated biphenyls 
PSC  polysaccharides 
PSS  polystyrensulphonates 
RHA regenerated humic acid 
RID refractive index detector 
SEC  size-exclusion chromatography 
ST surface tension 
UV ultraviolet 
VIS visible 
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10 LIST OF APPENDICES 
10.1 Appendix I   
The FTIR absorption spectra of HA and RHA1–RHA6. (Fig. 14)  
10.2 Appendix II   
Three-dimensional graph of surface tension dependency on the concentration and time of 
NaHA and NaRHA2–NaRHA7. (Fig. 15a–Fig. 21a) 
Dependence of surface tension obtained after 10 hours of the measurement of different 
concentrated humic samples, fitted by Szyszkowski equation for NaHA and NaRHA2–
NaRHA7. (Fig. 15b–Fig. 21b) 
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APPENDIX I 
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Fig. 14   The FTIR absorption spectra of HA and RHA1–RHA6. 
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Fig. 15a   Three-dimensional graph of surface tension dependency on the concentration and  
time of NaHA. 
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Fig. 15b   Dependence of surface tension of NaHA fitted by Szyszkowski equation. 
a = 9.70±0.99 
 
b = 41.9±19.6 
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Fig. 16a   Three-dimensional graph of surface tension dependency on the concentration and 
time of NaRHA2. 
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Fig. 16b   Dependence of surface tension of NaRHA2 fitted by Szyszkowski equation. 
a = 7.32±0.56 
 
b = 243.2±110.4 
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Fig. 17a   Three-dimensional graph of surface tension dependency on the concentration and  
time of NaRHA3. 
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Fig. 17b   Dependence of surface tension of NaRHA3 fitted by Szyszkowski equation. 
a = 7.97±0.56 
 
b = 169.7±74.1 
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Fig. 18a   Three-dimensional graph of surface tension dependency on the concentration and  
time of NaRHA4. 
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Fig. 18b   Dependence of surface tension of NaRHA4 fitted by Szyszkowski equation. 
a = 7.77±0.76 
 
b = 99.7±51.6 
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Fig. 19a   Three-dimensional graph of surface tension dependency on the concentration and  
time of NaRHA5. 
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Fig. 19b   Dependence of surface tension of NaRHA5 fitted by Szyszkowski equation. 
a = 8.71±1.04 
 
b = 382.2±274.1 
 61
0
2
4
6
8
10
12
50
55
60
65
70
75
10
8
6
4
2
0
NaRHA6
conc. (g L-1)
 10
 8
 5
 4
 3
 2
 1
 0.5
 0.1
 0.05
 0.01
 0.005
 0.001
su
rfa
ce
 te
ns
io
n
(m
N
 m
-1
)
con
cen
trat
ion
(g L
-1 )
time (hour)
 
Fig. 20a   Three-dimensional graph of surface tension dependency on the concentration and  
time of NaRHA6. 
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Fig. 20b   Dependence of surface tension of NaRHA6 fitted by Szyszkowski equation. 
a = 9.10±1.55 
 
b = 88.6±78.4 
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Fig. 21a   Three-dimensional graph of surface tension dependency on the concentration and  
time of NaRHA7. 
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Fig. 21b   Dependence of surface tension of NaRHA7 fitted by Szyszkowski equation. 
a = 8.25±1.37 
 
b = 342.2±338.2 
 
 63
